Low-grade energy cycles for power generation require efficient heat transfer equipment.
Introduction
Energy usage is increasing around the world due to the development of technologies and population growth. Recent research revealed that the demand for energy could rise by up to 1.7% annually until 2030 [1] . However, fossil fuels remain the dominant energy source, producing about 80% of the gross energy required, while renewable energy contributes only 11%. Accordingly, many environmental problems such as global warming, ozone depletion and air pollution will increase. Furthermore, the fossil fuel prices will likely rise. Hence, industrial waste energy, especially from low-grade heat sources, for power production has recently received more attention [1] . This can be efficiently achieved by using a direct contact concept.
Most popular heat exchangers that are used in practice are surface type heat exchangers, in which hot and cold fluids are separated completely by metallic barriers. Shell-and-tube heat exchangers are a classic example of this type of exchanger. This, of course, results in a reduction in the rate of heat exchange between fluids and consequently reduces the process's efficiency, and increases the capital and operational costs. As a result, the implementation of such heat exchangers in heat recovery processes, or in low-grade thermal energy cycles for power generation (e.g. in solar energy systems such as solar ponds and solar collectors), is inefficient.
Thus, attempts to enhance the efficiency of conventional heat exchangers have recently received more attention. For example, Dizaji et al. [2] have demonstrated experimentally that the effectiveness of a shell-coiled type heat exchanger is significantly improved by the injection of small air bubbles into the exchanger shell. In the same context, Rashidi et al. [3] studied theoretically the effect of using a porous material inside a conventional heat exchanger on its performance. Their exchanger was used for a solar energy application. They concluded that using a porous substrate with a high Darcy number can improve the thermal performance of the heat exchanger with an acceptable increase in pumping cost.
Alternatively, a direct contact heat exchanger allows working fluids to come into direct physical contact by eliminating the solid barriers. A high heat transfer rate, an absence of corrosion and fouling problems, a lower cost, a simple design and the potential to work at a very low temperature driving force are the main advantages of using direct contact heat exchangers. Accordingly, they can be found in many applications, for example water desalination, geothermal power generation, solar energy [4] [5] [6] and in low cost hydrogen generation from a direct mixing of water or gaseous hydrocarbons gas with Pb or Pb-Bi heavy liquid metal [7] . The three-phase direct contact heat exchanger (used as an evaporator or condenser) generally operates by injection of drops or bubbles as a dispersed phase into a flowing column of another immiscible liquid, which acts as a continuous phase. The temperature of the continuous phase must be above the boiling point of the drops for evaporation, or less than the saturation temperature of the bubbles in the case of condensation. An intimate mixing of the dispersed phase and the continuous phase can be achieved. The drops or bubbles therefore evaporate or condense directly when they touch the continuous phase, and two-phase bubbles are formed.
The main limitation of the direct contact heat exchanger is that a mutual mixing of fluids occurs due to their intimate direct contact. This necessitates an additional cost for separation.
Practically, this problem can be all but eliminated by using two immiscible fluids, separation of which can be achieved using gravity. A second, more problematic, limitation is the difficulty in accurately predicting the direct contact heat exchanger's performance. Due to the mixing of the two fluids, a high, but difficult to predict, interfacial area for heat exchange is created, especially when the process involves bubbles or drops [8] . The difficulty in modelling the extent of this interfacial area means there is a general dearth of specialised mathematical theory and, indeed, experimental measurements or correlations, which can be used for design proposes. This is especially true for condensers. Furthermore, a detailed understanding of the hydrodynamic phenomena is also required if a functional, plant-scale exchanger is to be designed. Such direct contact devices can, potentially, suffer from problems due to flooding and back mixing. Such problems can only be understood, and ultimately overcome, through detailed experimental and theoretical study. was proposed for the steady state temperature distribution, which compared favourably with the experimental measurements [25] . Furthermore, a model predicting the transient temperature profile along the length of the direct contact column was also developed [26] .
The effects of various parameters, such as the ratio of the mass flow rates of the continuous and dispersed phases, on the outlet temperatures was also investigated [27] . In addition, the variation of the volumetric heat transfer along the column [28] , and the suitability of direct contact condensation for use in desalination were also investigated [29] .
These studies produced promising results, which showed the effect of key process parameters on the thermal outputs of the condenser. The specifics of these thermal effects must, however, be considered in totality by investigating the condenser's efficiency and capital cost; it is these parameters that will ultimately determine the industrial relevance of this technology. These two critical measures of exchanger performance have not been investigated previously. Therefore, this work reports these important properties of the threephase direct contact condenser for the first time.
Specifically, an experimental investigation of the heat transfer efficiency in a three-phase direct contact is described in section 2. The effects of the operational parameters, such as the dispersed phase mass flow rate, the continuous phase mass flow rate and the initial dispersed phase temperature on the heat transfer efficiency are examined in section 3. Subsequently, these results are used to estimate the capital cost of the direct contact condenser, which is then compared to the cost of a traditional shell and tube condenser.
Experimental setup and procedure
A general view and a schematic layout of the experimental test rig are shown in Fig. 1(a) . Table 2 . The uncertainty in the thermocouples appears in Tables 3. The uncertainty of the continuous flow measurement depends on flow rate range. It was ±6.0% for flow rates from 0 to 0.1kg min ⁄ , ±9.7% for flows from 0.1kg min ⁄ to 0.3kg min ⁄ and finally ±4.7% for continuous phase flow rates greater than 0.3kg min ⁄ . For the dispersed phase mass flow rate measurement, the mass balance after each run was used. The total error in the measurements, which consisted of the error in the digital scale, the loss of condensate due to the miscibility of pentane in water (which is very small), the time of the run and the possibility of draining the condensate with the continuous phase was calculated. The inaccuracy of the dispersed phase mass flow rate is estimated at ±11%. there is a slight increase in efficiency when a higher initial temperature is used. This effect is, 243 however, clearly second order when compared to the effect of mass flow rate ratio. As 244 discussed above, the key factor determining the efficiency is the energy gained by the cold 245 fluid (T co − T ci ) with increasing mass flow rate ratio, which was noted and discussed by 246
Mahood et al. [25] . Physically, the increase of the mass flow rate ratio means that more 247 heating medium is supplied to the condenser, which results in an enhancement of the heat 248 transfer process, and consequently an increase in the efficiency of the three-phase direct 249 contact condenser. Interestingly, and depending somewhat on the continuous phase mass 250 flow, the dispersed phase mass flow rate required to approach a relatively high efficiency 251 seems low. This is, of course, impacts the operational cost of the three-phase direct condenser, 252 because the process will be carried out using a relatively small quantity of working fluid. 253
The results presented above would suggest that the maximum efficiency can be achieved by 254 using a low continuous phase mass flow rate and a high mass flow rate ratio; however, 255 flooding is still the main shortcoming associated with the three-phase direct contact 256 condenser. The probability of flooding actually increases with increasing dispersed phase 257 mass flow rate, or decreasing continuous mass flow rate, i.e. when the mass flow ratio is 258 large. This clearly places an operational limit on the mass flow ratio that can be practically 259 employed, which compromises the efficiency somewhat. As with many engineering systems, 260 a compromise between these competing effects must be sought. To reduce or avoid the 261 negative effects of flooding, operation with a relatively high continuous phase mass flow rate 262 is required. Figs. 2-4 clearly show that operating in this manner leads to a reduction in the 263 efficiency of the condenser, but this can be offset by manipulation of the flow ratio and initial 264 temperature of the dispersed phase. The three-phase direct contact condenser therefore can be 265 operated more efficiently than the corresponding shell and tube condenser. As shown in Figs. 266 2-4 and for a constant mass flow rate ratio, a higher continuous phase mass flow rate results inhigher direct contact condenser efficiency. This could be due to an efficient condensation 268 process taking place when sufficient cooling water is available; otherwise, a fraction of 269 vapour is still not completely condensed. In the present study, these effects clearly appear at 270 low continuous mass flow rates (0.06 to 0.11 kg/min). They gradually decrease with 271 increasing continuous phase mass flow rate (0.11 -0.20 kg/min) and nearly disappear at high 272 continuous mass flow rates (0.20 -0.38 kg/min). Practically, for a given dispersed phase mass 273 flow rate, there is a continuous phase mass flow rate that is required to achieve a complete 274 direct contact condensation process. The additional coolant in the condenser results in a 275 reduction in the continuous phase outlet temperature, and subsequently, a reduction in the 276 efficiency of the three-phase direct contact condenser. 277 Figure 5 shows the variation of the three-phase direct contact condenser efficiency with the 278 temperature difference between the two-phases at their inlet conditions, for three different 279 continuous mass flow rates. A slight increase of the condenser efficiency with increasing 280 initial temperature difference between the contacting fluids is shown. A higher initial 281 temperature difference between the contacting fluids results in a higher convective heat 282 exchange, and increases the energy absorbed by the continuous phase. Again, it is quite clear 283 that at a given temperature difference, the efficiency of the direct contact condenser is higher 284 when the continuous mass flow rate is high. The error in the efficiency, which appears as 285 error bars in the Fig. (2-4) was estimated using a similar method to that outlined elsewhere 286
[31]. 287 where , and ∆ represent the heat transfer rate, the heat transfer coefficient and the log 344 mean temperature difference, respectively. The log mean temperature difference may be 345 calculated from the experimentally measured temperatures. 346 Accordingly, the heat exchanger cost can be written as: 347
The merit of the three-phase direct contact heat exchanger is its capability to offer a high heat 349 transfer coefficient and therefore, a low area and low cost. Figures 7-9 show the comparison between the capital cost of the three-phase direct contact 365 condenser and a shell and tube condenser performing the same duty. It is clear that the capital 366 cost of the shell and tube heat exchanger is largely independent of the dispersed phase mass 367 flow rate. Therefore, regardless of the continuous phase mass flow rate, a large difference in 368 capital cost between the two condensers is achieved at a high dispersed phase mass flow rate. 369
These plots also highlight the significant potential savings that can be made by using a direct 370 contact device. Indeed, the capital costs are lower by at least a factor of 5, but in many cases 371 by an order of magnitude. The effect of the initial temperature of the dispersed phase on the cost ratio is also evident 439 from Fig. 13 . Obviously, the effect of the initial dispersed phase temperature becomes more 440 significant when the dispersed phase mass flow rate is higher. The initial temperature of the 441 dispersed phase seems to have little effect at low to moderate dispersed phase mass flow rates 442 (̇≤ 0.025 kg/min). It impact is more significant at a high dispersed phase mass flow 443 rates (̇> 0.025 kg/min ). In such cases, the higher the initial dispersed phase 444 temperature, the higher the cost ratio. Nevertheless, this increase in the cost ratio, in total, 445 seems confined to the effect of the dispersed phase mass flow rate. Finally, the insights gained about the direct contact condenser's efficiency and capital cost 490 suggest that it is useful to operate at relatively high continuous phase mass flow rate and high 491 dispersed phase initial temperature. At these conditions, the efficiency of the condenser will 492 be high; its capital cost will be a minimum. Furthermore, the operation will be far from the 
